5 -fold acceleration of the rate of electron transfer. Here we describe kinetic, spectroscopic, and computational results to show that CoA has no effect on catalysis by OOR and describe the chemical rationale for why this cofactor is unnecessary in this enzymatic transformation. Our results demonstrate that, like PFOR, OOR binds pyruvate and catalyzes decarboxylation to form the same hydroxyethylidine−TPP (HE−TPP) intermediate and one-electron transfer to generate the HE−TPP radical. However, in OOR, this intermediate remains stranded at the active site as a covalent inhibitor. These and other results indicate that, like other OFOR family members, OOR generates an oxalate-derived adduct with TPP (oxalyl-TPP) that undergoes decarboxylation and one-electron transfer to form a radical intermediate remaining bound to TPP (dihydroxymethylidene−TPP). However, unlike in PFOR, where CoA binding drives formation of the product, in OOR, proton transfer and a conformational change in the "switch loop" alter the redox potential of the radical intermediate sufficiently to promote the transfer of an electron into the iron−sulfur cluster network, leading directly to a second decarboxylation and completing the catalytic cycle.
What is unusual about OOR is that, unlike all other known members of the OFOR family, OOR does not use CoA; instead, OOR oxidizes oxalate directly to CO 2 (eq 2). 3, 4 This was first indicated by studies with extracts from oxalate-grown cells of Moorella thermoacetica, which catalyzed oxalatedependent benzyl viologen reduction with an activity that is only slightly stimulated by CoA, suggesting that M. thermoacetica catabolizes oxalate by a CoA-independent mechanism that does not use formate as an intermediate. 3, 4 Via kinetic studies with the purified enzyme, the unusual CoA independence was confirmed 4 and forms the basis of the experiments described in this paper. 
The reverse reaction of OOR is an avenue for conversion of the greenhouse gas, CO 2 , into nonvolatile oxalate (C 2 O 4 2− ). Oxalate, the most oxidized two-carbon compound, occurs naturally in high concentrations in some plants and fungi and plays important roles in calcium regulation and protection from and detoxification of heavy metals. 7, 8 Microbes and plants then degrade oxalate by various aerobic reactions, including oxalate oxidase-catalyzed O 2 -dependent conversion to CO 2 and H 2 O 2 , 9 and conversion to CO 2 and formate by oxalate decarboxylase. 10 Before OOR was discovered, the only known anaerobic pathway for oxalate metabolism was via TPP-dependent oxalyl-CoA decarboxylase, which produces CO 2 and formylCoA. 11, 12 Acetogenic bacteria like M. thermoacetica couple the Wood−Ljungdahl pathway (eq 3) to OOR to catalyze four cycles of oxalate oxidation, producing eight electrons, which are used to reduce two of the eight molecules of CO 2 formed to acetate (eq 4). 13, 14 In M. thermoacetica, both OOR 15 and the Wood−Ljungdahl pathway 13 
OOR and other well-characterized members of the OFOR family share between 35 and 60% sequence similarity. OOR has the highest degree of homology to archaeal and bacterial pyruvate:ferredoxin oxidoreductases (PFORs). For example, the M. thermoacetica OOR shares ∼40% sequence similarity with the structurally characterized PFOR from Desulfovibrio af ricanus. 16 However, OOR consists of three separate peptides that dimerize to form a 260 kDa (αβγ) 2 oligomer, while the D. af ricanus PFOR dimer consists of two identical 135 kDa peptides, in which the α, β, and γ subunits are fused. 4 Both PFOR and OOR contain (per 135 kDa unit) one TPP molecule, 1−2 equiv of Mg 2+ , and three [4Fe-4S] clusters, a composition like that of most other members of the OFOR family. 4 Furthermore, a recent 2.27 Å resolution crystal structure of OOR reveals a striking resemblance between the OOR (αβγ) 2 dimer and the PFOR α 2 dimer, 17 in which each monomeric (or heterotrimeric) unit contains a deeply buried TPP binding site (the active site) connected to the protein surface by an approximately linear arrangement of three clusters. This active site is highly conserved except for substitutions that fine-tune OOR and PFOR for binding their preferred substrates 17 and the presence in OOR of positively charged and polar residues that drive catalysis through loop and side chain movements. 18 Given the high degree of sequence and structural homology, one might expect OOR to have a mechanism similar to that of PFOR; however, unlike pyruvate and the other 2-oxoacid substrates of the OFOR enzymes, oxalate is a dicarboxylic acid without a ketone adjacent to the carboxylic acid group, making it significantly less electrophilic toward nucleophilic attack by TPP. However, the structures of covalent TPP−oxalate and TPP−CO 2 adducts strongly indicate that the OOR and PFOR mechanisms do indeed coincide, at least in the early CoAindependent steps. 18 One of the goals of this paper is to understand how OOR catalyzes TPP-dependent activation and C−C bond cleavage in the absence of the ketone functionality on the substrate and without the involvement of CoA.
Thus, our hypothesis is that the catalytic mechanism of OOR entails CoA-independent steps with counterparts in the PFOR mechanism. 2,19−21 In PFOR, as well as in pyruvate dehydrogenase and pyruvate decarboxylase, C2 of the thiazolium ring of TPP is deprotonated to form a carbanion that performs a nucleophilic attack on the α-keto group of pyruvate, releasing CO 2 and leaving the hydroxyethylidene−TPP (HE−TPP) intermediate. The HE−TPP intermediate transfers an electron into the [4Fe-4S] chain, producing the resonance-stabilized HE−TPP radical. 22 After formation of this radical, CoA plays a key role in the remaining steps of the PFOR mechanism. The HE−TPP radical intermediate is metastable. In the PFOR from M. themoaceticum, it decays slowly (with a half-life of ∼4 min) in the absence of CoA; however, in the presence of CoA, the radical decays 10 5 -fold more quickly. 20 Addition of CoA to the HE−TPP radical intermediate results in a second electron transfer into the cluster network and formation of product acetyl-CoA. The mechanism by which CoA promotes this second electron transfer is unknown. Finally, the two electrons residing in the [4Fe-4S] clusters are transferred to the native electron acceptor, e.g., ferredoxin, or to an artificial electron acceptor, such as methyl viologen (MV).
A proposed catalytic mechanism for OOR ( Figure 1 ) includes initial steps (1−3) similar to those just described for PFOR. On the basis of solution pK a values of oxalate (1.3 and 3.8), the substrate is initially likely to carry two negative charges. In step 1, protonation of one of the carboxylates promotes reaction of oxalate with C2 of TPP, followed by a second protonation to form oxalyl-TPP. In addition, the OOR active site contains positive charges, including Arg31α, and Hbond donors that could facilitate this nucleophilic attack and stabilize the TPP adduct. 17, 18 In step 2, oxalyl-TPP undergoes decarboxylation, producing a dihydroxymethylidene−TPP (DM−TPP) intermediate, which would be in resonance with its zwitterionic form. Then, as in PFOR, one-electron transfer into the iron−sulfur cluster network would generate the DM− TPP radical (step 3). In step 4, one-electron oxidation of the DM−TPP radical yields carboxyl-TPP and sends another electron into the chain of iron−sulfur clusters. Thus, stepwise two-electron oxidation of DM−TPP generates carboxyl-TPP accompanied by reduction of two of the [4Fe-4S] clusters. How much of the DM−TPP radical accumulates would depend on the rate of these electron transfer reactions; for example, if the decay of the substrate-derived radical is very fast, there would be very little and perhaps undetectable amounts of that radical. In step 5, carboxyl-TPP would release CO 2 and regenerate the ylide to initiate the next round of catalysis.
This paper describes experiments aimed at testing the mechanism proposed for OOR and its similarities to that of PFOR. We provide further evidence that OOR does not catalyze the reaction of 2-oxoacid substrates with CoA. Although we have not observed the DM−TPP radical intermediate directly, OOR does form the HE−TPP radical with the inhibitor pyruvate. This HE−TPP radical intermediate does not turn over but remains bound as a dead-end complex. The results suggest that the nature of the substrate and the mechanism of kinetic coupling (in step 4) control the stability of the radical and provide evidence that any radical derived from oxalate would be more reactive than those derived from pyruvate or other singly negatively charged 2-oxoacids. Combined with recent structural information about OOR, 17, 18 it appears that conformational changes, particularly related to the switch loop, 18 also promote substrate binding and reactivity.
■ EXPERIMENTAL PROCEDURES
Growth of M. thermoacetica and Protein Purification. M. thermoacetica ATCC 39073 was grown at 55°C in a 10 L fermenter that was continually sparged with CO 2 . The medium was described previously. 4 All cells used for OOR purification were grown on 20 mM glucose and 28 mM sodium oxalate. Cells were harvested during exponential growth by centrifugation under CO 2 or N 2 and stored at −80°C until they were used.
All protein purification steps and subsequent enzymatic manipulations were performed in a Vacuum Atmospheres (Hawthorne, CA) anaerobic chamber maintained at <4 ppm of O 2 . OOR was purified as described previously, 4 except that the red agarose step was omitted. At the end of the preparation, fractions containing OOR were pooled, buffer exchanged into 50 mM Tris-HCl (pH 8.1) with 2 mM DTT, and concentrated to 0.32 mM for storage. The specific activity of purified OOR measured at 25°C was 0.04 unit mg −1 . Preparation of Thionin-Oxidized OOR. Oxidized OOR (OOR ox ) was prepared by adding small aliquots of an approximately 20 mM thionin solution to a sample of 0.32 mM OOR with mixing after each addition. Thionin reduction of OOR took place within a few seconds of mixing. Thionin was added until no change in its color was seen upon further addition (i.e., the protein/thionin solution remained dark purple after mixing). Alternatively, aliquots of approximately 80 μM OOR were mixed with small amounts of thionin in a 0.2 cm path length cuvette, to achieve the desired oxidation state. Then, OOR was dialyzed against three changes of a 300-fold excess of 50 mM Tris-HCl (pH 8.0) with equilibration for at least 8 h in each change of buffer. After this dialysis, the ultraviolet−visible (UV−vis) spectrum of OOR showed no evidence of thionin contamination. The final dialysis buffer was saved for dilution of the enzyme and substrate in subsequent experiments. The activity of thionin-oxidized OOR was 0.02 unit mg −1 , while the activity of a sample of as-isolated OOR, dialyzed under the same conditions, was 0.04 unit mg −1 . Enzyme Assays. OOR activity was measured in 50 mM Tris-HCl and 2 mM DTT (pH 8.0). Assays at 25°C were performed in an anaerobic chamber, using a UV−vis spectrophotometer from Ocean Optics (Dunedin, FL). For steady state assays, 1 mM sodium oxalate and 10 mM MV were used and the reduction of MV was followed at 578 nm (ε 578 = 9.7 mM −1 cm −1 ). In all assays, calculations were based on the assumption that oxidation of 1 mol of oxalate produces 2 mol of reduced MV.
To measure the effect of pyruvate on OOR activity, 11 μM OOR ox was mixed with 1 mM pyruvate in 50 mM Tris-HCl (pH 8.0) and the UV−vis absorbance spectrum was monitored during the reaction. On the basis of the extent of reduction of the [4Fe-4S] clusters, the reaction of OOR with pyruvate reached equilibrium within 2 h. Before the enzyme was assayed, excess pyruvate was removed by concentrating and diluting OOR in 50 mM Tris-HCl (pH 8.0) using 10 kDa molecular weight cutoff microcentrifuge concentrators (Millipore, Billerica, MA), with six cycles of 9-fold concentration and dilution in fresh buffer. The activity of pyruvate-incubated OOR was measured as described above and was compared to the activities of a sample of OOR ox incubated for the same time in 1 mM oxalate and a sample of OOR ox , both buffer exchanged in the same way.
To measure the effect of oxalate on PFOR activity, PFOR (2.6 μg) was added to a solution containing 2 mM DTT, 1 mM TPP, 10 mM oxidized MV, 1 mM CoA, and 0.5 M Tris-HCl buffer (pH 7.6) in the absence of magnesium (to avoid interaction between oxalate and magnesium). Enzyme activities were calculated by following changes in absorbance at 578 nm, assuming an extinction coefficient of 9.78 mM −1 cm −1 and the reduction of two MV molecules per pyruvate. Only initial absorbance values of ≤0.2 were used to calculate the initial enzymatic rates. Before PFOR activity assays were performed, the PFOR stock was incubated in 2 mM DTT, 2 mM MgCl 2 , 1 mM TPP, and 50 mM Tris-HCl (pH 7.6). To determine the steady state kinetic parameters (V max and K m ), the pyruvate concentration was varied between 0.05 and 4 mM. To determine if PFOR can utilize oxalate as a substrate, a similar assay was performed with 10 mM oxalate in place of pyruvate and with 51 μg of PFOR. The oxalate inhibition assays were performed at a subsaturating concentration of pyruvate (0.2 mM) at oxalate concentrations of ≤40 mM and with 2.0 μg of PFOR.
UV−Vis Spectroscopy. OOR was diluted to approximately 4 μM in 50 mM Tris-HCl (pH 8.0) with or without 2 mM DTT. The enzyme was reduced at 25°C by adding 100 μM sodium oxalate or 5−10 μM sodium dithionite. To measure the spectrum of the oxidized protein, OOR was oxidized with thionin and dialyzed, as described above. + clusters per monomer. In the presence of sodium oxalate (100 μM, final concentration), all three clusters in the protein underwent reduction. EPR spectra were recorded at 9 K with the instrumental parameters provided in the corresponding figure legends. The double integrals of the EPR signals were compared to that of a 1 mM copper(II) perchlorate standard to determine the number of spins per monomeric unit.
To observe and characterize the pyruvate-derived radical on OOR, 0.20 mM OOR was mixed with 1 mM unlabeled pyruvate or [3- 2 H 3 ]pyruvate and incubated at 25°C for 90 min. Each sample was split in half, and 1 mM CoA was added to one part of the sample. Samples were frozen after incubation for an additional 10 min. EPR instrumental parameters are provided in the corresponding figure legends.
Calculation of Redox Potentials and pK a Values for OOR and PFOR Intermediates. Estimates for reduction potentials (vs the standard hydrogen electrode) and pK a values for putative intermediates in the catalytic cycles of OOR and PFOR were calculated using density functional theory (DFT) as implemented in the Gaussian 98 software package. 23 The geometry of each intermediate was optimized using the Beckestyle three-parameter Lee−Yang−Parr correlation functional (B3LYP) and Pople's diffuse polarized triple-ζ 6-311+G(d,p) basis set. 24, 25 Vibrational frequency calculations were performed with the same level of theory at 298.15 K and 1.000 atm, using a scale factor of 0.9877. 26 Solvation energies of the intermediates in acetonitrile (for reduction potentials) and water (for pK a values) were calculated using the polarizable continuum model (PCM). 27 Thermodynamic (Born−Haber) cycles were then constructed using the resulting Gibbs free energies to calculate the overall Gibbs free energy changes for the reduction and acid dissociation reactions, which were then converted to reduction potentials and pK a values, respectively. For the pK a estimates, a proton solvation free energy of −264.0 kcal/mol was utilized in the calculation. 28 Several studies have shown that the reduction potentials of diverse organic molecules calculated using the B3LYP functional in combination with PCM solvation show strong linear correlations with their experimental values. 29 33 using a lysozyme standard. The concentration of TPP bound to OOR was determined by a fluorescent thiochrome assay, 34 using authentic purchased TPP as a standard. Metal concentrations were determined by ICP-OES at the Chemical Analysis Laboratory at the University of Georgia (Athens, GA). For metal and TPP analysis, 1.1 mL of 0.32 mM OOR was dialyzed against two changes of 850 mL of 50 mM Tris-HCl and 2 mM DTT (pH 8.0). Metal and TPP concentrations in the protein sample were calculated after subtracting the concentrations in a sample of the dialysis buffer treated exactly as was the protein. TPP and metal concentrations were similar to those found in a previous OOR preparation. 4 ■ RESULTS Reaction of Pyruvate with OOR and Formation of a Pyruvate-Derived Radical on OOR. We previously showed that OOR can catalyze the oxidation of several 2-oxoacids besides oxalate. When OOR was mixed with 1 mM pyruvate and 10 mM MV, the amount of MV reduced approximated 2 mol/mol of dimeric OOR, suggesting that OOR may not be able to complete its catalytic cycle with pyruvate as a substrate. 4 Because the OOR catalytic cycle is hypothesized to contain intermediates covalently bound to TPP, we hypothesized that pyruvate may be a covalent inhibitor of OOR.
UV−vis spectroscopy showed that, while oxalate fully reduces all three iron−sulfur clusters of OOR, treatment with pyruvate led to only partial reduction of the clusters of either oxidized or partly reduced enzyme. When pyruvate was mixed with OOR, the decrease in absorbance at 420 nm, based on an extinction coefficient of 8.1 (nM cluster) −1 cm −1 , 4 was equivalent to reduction of 8 and 26% of the clusters in two samples of as-isolated OOR from separate preparations and to 16% of the iron−sulfur clusters in a sample of thionin-oxidized OOR from the second preparation ( Figure 2) . Thus, although the redox potential of the (CO 2 + acetyl-CoA)/pyruvate couple (−0.515 V) is similar to that for the 2CO 2 /oxalate (−0.492 V) Figure 2 . UV−vis spectra of pyruvate-and oxalate-reduced OOR. Eight micromolar OOR ox (darkest line) was incubated with 1 mM pyruvate (lighter line) or oxalate (lightest line) until no further change in either spectrum was seen. The inset shows the difference spectra (oxidized − reduced) for both the oxalate-reduced and the pyruvatereduced protein.
half-reaction, 5, 6 pyruvate effects only a partial reduction of the clusters of OOR. Furthermore, while the absorbance in the 300−400 nm region decreases when OOR is reacted with oxalate or dithionite, it increases when the enzyme is reacted with pyruvate ( Figure 2) . Circular dichroism studies with other TPP-dependent enzymes have shown that TPP-bound intermediates give rise to spectral changes in the 350 nm region. 35 Similarly, when 2-oxoglutarate dehydrogenase is reacted with 2-oxoglutarate, a peak centered at 348−351 nm appears, which was assigned to a TPP−enamine intermediate. 36 Thus, this increase in absorbance in the 350 nm region when OOR is reacted with pyruvate may derive from this TPP-bound intermediate.
The reactions of OOR with oxalate, dithionite, and pyruvate were also monitored by EPR spectroscopy to obtain more information about how pyruvate and oxalate affect the iron− sulfur clusters and the TPP cofactor. On the basis of results of EPR spectroscopic experiments at 10 K, where the unpaired electron spins of the [4Fe-4S] + clusters can be monitored, when OOR was mixed with pyruvate, only a fraction of the iron−sulfur clusters underwent reduction (Figures 3 and 4) . In contrast, when the enzyme reacts with oxalate, the clusters are fully reduced. 4 Moreover, the EPR spectrum of pyruvateincubated OOR at 70 K exhibits the classic, signature pattern of the HE−TPP radical, whereas no signal corresponding to a radical is observed upon incubation of OOR with oxalate ( Figure 5 ). In separate experiments with pyruvate, 6 and 15% of the iron−sulfur clusters were reduced. In these same experiments, the radical spectrum measured at 70 K corresponded to 0.08 and 0.2 spin mol −1 , respectively. The HE−TPP radical signal is observed when PFOR is mixed with pyruvate in the absence of CoA. 5 -fold, addition of CoA to OOR and pyruvate mixtures 10 min before samples were frozen had no effect on the amplitude of the EPR signal of the radical.
To test the hypothesis that pyruvate is a covalent modifier (mechanism-based inhibitor) of OOR, pyruvate and oxalate were reacted together with OOR. After incubation with 1 mM pyruvate for 20 h and buffer exchange to remove excess pyruvate, the activity of OOR was reduced 8-fold (to 0.002 ± 0.0006 unit mg −1 ) relative to that of untreated, bufferexchanged OOR (0.02 ± 0.001 unit mg
−1
). Assuming that inhibition is due to formation of the covalent adduct of pyruvate with TPP, the EPR measurements indicate that 14% of the enzyme is in the HE−TPP radical state (averaging the two experiments described above), which would also have a single reduced cluster. Then, on the basis of the EPR of the Fe−S clusters, 9% of the active sites would contain the "acetyl-TPP" form having two reduced clusters. This would leave 65% of the enzyme in the various other TPP adduct states, e.g., pyruvyl-TPP. In our previous work, we showed that addition of CoA to assays of pyruvate oxidation coupled to MV reduction by OOR had no effect on the rate of the reaction. 4 To test whether phosphorolysis of pyruvate-derived intermediates could restore OOR activity, 50 mM potassium phosphate (pH 7.4) was added to assays of pyruvate-treated OOR. However, no increase in the rate of oxalate-dependent MV reduction was seen over 1 h, indicating that OOR-catalyzed redox catalysis is "self-contained", i.e., unlike PFOR or pyruvate oxidase (POX) in which oxidation of the radical is coupled to reaction with CoA 20 or phosphate 36 to form acetyl-CoA or acetyl phosphate. Calculation of the Redox Potentials and pK a Values for OOR and PFOR Intermediates. To explore the role of the hypothesized DM−TPP, DM−TPP radical, and carboxyl-TPP intermediates in the OOR catalytic cycle, we calculated the redox potentials and pK a values of protonated and deprotonated forms of these intermediates, as well as those for the corresponding HE−TPP, HE−TPP radical, and acetyl-TPP intermediates in PFOR. Calculating these values for all possible protonation states of each intermediate gives insight into which are likely to be formed during the catalytic cycle and can provide upper and lower limits for the effects of active site amino acid residues on these parameters. For example, if an amino acid residue accepts (donates) a hydrogen bond from (to) the neutral DM−TPP radical, the reduction potential of the intermediate is expected to lie between those calculated for the neutral and anionic (cationic) forms. Figures 6 and 7 show the results of these calculations. Both figures start in the top left corner with the substrate-derived adduct formed in step 2 (DM−TPP or HE−TPP for OOR or PFOR, respectively). Shown in blue are the intermediates that are expected to be relevant to the enzymatic mechanisms, based on the physiological relevance of their pK a and E°values. respectively). These potentials closely match those of the iron− sulfur clusters in PFOR, which have been measured to be between −0.54 and −0.39 V. 37 If the potentials of the OOR iron−sulfur clusters are within a similar range, the reduction potential for the DM−TPP radical intermediate is in the proper range to allow facile electron transfer into this network. As described for PFOR, the electron transfer would occur first to the cluster that is closest to TPP and then to the other clusters, which have a more positive potential, thus reoxidizing the proximal cluster. 37 Once formed, the protonated forms of the DM− and HE−TPP radicals would be unable to transfer an electron into the chain of iron−sulfur clusters because that redox reaction would be unfavorable by >1.3 V. However, the potentials for the redox couples of the deprotonated forms of each radical with carboxyl-and acetyl-TPP once again match the experimental values for the iron−sulfur clusters (−0.50 and −0.47 V, respectively). Interestingly, the calculated pK a for the HE−TPP radical is in the physiological range (pK a = 6.9), while the DM−TPP radical is a strong acid (pK a = −1.2). The difference in pK a values is likely to be the result of replacing an electron-donating substituent (-CH 3 ) derived from pyruvate with an electron-withdrawing one (-OH) from oxalate on a cationic acid. Thus, in OOR, the DM−TPP radical intermediate would undergo rapid deprotonation to generate the carboxyl-TPP radical (in the middle of Figure 6 ), which would then be able to transfer its electron into the iron−sulfur cluster chain to generate carboxyl-TPP. The stable HE−TPP radical in PFOR appears to be a H-bonded form of the neutral radical. 22 The H-bonding would render the potential more positive, thus prolonging the lifetime of this intermediate. Disruption of the H-bond network upon CoA binding would facilitate the second electron transfer and promote the coupled reaction to form acetyl-CoA in lieu of acetate.
Impact of Oxalate on PFOR Catalysis. To determine if oxalate is recognized by PFOR as a substrate or inhibitor, we performed steady state assays in the presence and absence of oxalate. We first determinined the K m (0.49 ± 0.1 mM) and V max (18.3 ± 0.14 units/mg) values for pyruvate (Figure 8 ). To determine if oxalate is a substrate, we included 10 mM oxalate (instead of pyruvate) and found no MV detectable reduction, even with 51 μg of PFOR, which is ∼20-fold larger than what was used in the experiments with pyruvate. Clearly, oxalate does not act as an electron donor for PFOR.
To determine if oxalate can bind to PFOR, we examined its inhibitory properties using 0.2 mM pyruvate in the assays, a concentration that represents k cat /K m conditions, well below the determined K m value. As shown in the inset of Figure 8 , oxalate does not inhibit pyruvate oxidation by PFOR. Thus, oxalate does not bind competitively with pyruvate to the active site of PFOR. ■ DISCUSSION There were two major aims of our work on OOR. We tested the hypothesis that OOR utilizes a substrate-derived radical in its mechanism. Without taking into account the structure of the OOR active site, our calculations indicate that formation of the DM−TPP adduct from the monoanionic form of oxalate is 22.4 kcal/mol more difficult than formation of the corresponding HE−TPP adduct from pyruvate. What steric and electronic factors are engaged by OOR to overcome this energy barrier allowing microbes to derive energy by oxidizing this dicarboxylic acid? OOR is unique among the known 2-oxoacid:ferredoxin oxidoreductases because its catalytic function is entirely CoA-independent. For example, in PFOR, CoA (and perhaps phosphate in POX) 38 stimulates a key electron transfer reaction (involving oxidation of the radical intermediate) by 10 5 -fold. Our results indicate that redox and acid− base properties of the DM−TPP radical, which is similar to the HE−TPP radical of PFOR, allow OOR to catalyze the oxidation of this intermediate in the absence of CoA. Furthermore, by comparing the reaction of OOR to that of PFOR, we aimed to better understand the role of CoA in the reactions of PFOR and of the OFOR family in general.
A substrate-derived radical has been hypothesized to be an intermediate in the mechanisms of all enzymes of this family. 39 The electronic structure and the rates of formation and decay of the HE−TPP radical have been well characterized in PFOR. 20, 22, 37, 39 Formation of a radical intermediate is likely in OOR given that the enzyme contains iron−sulfur clusters, which are obligate one-electron acceptors. Thus, we propose that reaction of OOR with oxalate generates an oxalyl-TPP intermediate that is decarboxylated to form the DM−TPP intermediate. Because of the relatively high energy barrier for the formation of the DM−TPP adduct (above), one might question the ability of any nucleophile to react with oxalate. However, like other carboxylic acids, the O atoms of oxalic acid have been shown to undergo exchange in water, and thus, there is chemical precedent for nucleophilic attack on this dicarboxylic acid. 40 Moreover, the active site of OOR contains an additional positively charged residue (Arg31α) in place of Thr31 in PFOR that appears to function together with Arg109α and H-bond donors to facilitate this nucleophilic attack and stabilize the TPP adduct. 17, 18 This substitution is crucial for selection of the correct substrate and for engaging the catalytic machinery for reaction. Oxalate is a potent inhibitor of pyruvate utilizing enzymes, especially ones that use the enolate form, including pyruvate kinase 41, 42 and pyruvate phosphate dikinase. 43 Thus, it seemed possible that PFOR would catalyze the oxidative degradation of oxalate. However, oxalate not only does not react but also does not even bind competitively with pyruvate to PFOR (Figure 8 ), demonstrating that electrophilic catalysis in OOR is essential right from the start of the reaction, where the ylide form of enzyme-bound TPP reacts with the substrate. Regardless, nucleophilic attack by the TPP ylide on oxalate is expected to be at least partially rate-limiting during OOR catalysis.
Once the DM−TPP adduct is formed, one electron is then proposed to be transferred into the iron−sulfur cluster network to form a DM−TPP radical intermediate (step 3 of Figure 1 ), analogous to the HE−TPP radical intermediate in PFOR. Experimental evidence of this radical intermediate is based predominantly on our observation of an EPR signal upon reaction of OOR with pyruvate that is virtually identical to that of the HE−TPP radical formed on PFOR upon reaction with pyruvate. The radical observed on OOR also exhibits a decreased level of hyperfine splitting upon reaction with deuterated pyruvate, similar to what is observed with PFOR. We propose that pyruvate inhibits OOR by forming an adduct with TPP and generating TPP-bound intermediates, including acetyl-TPP, which cannot proceed further in the catalytic cycle. In PFOR, the acetyl-TPP intermediate reacts with CoA to generate acetyl-CoA. However, in OOR, any acetyl-TPP generated by oxidation of the HE−TPP radical cannot react with CoA, leaving the enzyme trapped in an adduct state that cannot undergo enzymatic turnover with oxalate.
The substrate-derived radical was first seen in PFOR and 2-oxoglutarate:ferredoxin oxidoreductase from Halobacterium salinarum (Halobacterium halobium) 44 and has been found in other OFORs. 45−48 A substrate-derived HE−TPP radical is also an intermediate in the catalytic cycle of Lactobacillus plantarum pyruvate oxidase (LpPOX), which catalyzes the oxidation of pyruvate, producing CO 2 and acetyl phosphate. In LpPOX, the electrons released are transferred from the TPP active site to a flavin adenine dinucleotide cofactor, which is oxidized by molecular oxygen to form H 2 O 2 . 38 The structure of the HE− TPP radical has been studied in detail by EPR spectroscopy in PFOR from M. thermoacetica and by X-ray crystallography of pyruvate-soaked crystals of PFOR from D. af ricanus. On the basis of a bent conformation of TPP and what appeared to be an unusually long bond (1.70−1.95 Å) between the substrate α-carbon and C2 of the thiazolium ring in the crystal structure, it was suggested that the substrate-derived radical is a σ/n-type cation radical with most of the spin density on the substrate α-carbon. 49, 50 However, computational studies and EPR spectroscopy using isotopically labeled pyruvate and TPP support a π-type radical that is delocalized over the hydroxyethyl moiety and the thiazolium ring of TPP. 22 Like other members of this family, OOR binds TPP, which functions as a nucleophile to generate a substrate adduct that is prone to decarboxylation, and three [4Fe-4S] clusters. These clusters act as an electron sink by accepting two electrons, one at a time, that are transferred to ferredoxin, which couples to other redox reactions in the cell. In this respect, it is intriguing to compare OOR to O 2 -dependent oxalate decarboxylase, which also utilizes a radical mechanism 51 −53 yet generates formate and CO 2 as products instead of 2 mol of CO 2 and two electrons (eq 5). Thus, oxalate decarboxylase does not catalyze a redox reaction; however, it has been proposed to utilize a cryptic redox mechanism in which oxalate and then O 2 bind to the Mn(II)-bound enzyme to generate a bound superoxo− oxalate−Mn(III) species. 53 Superoxo−Mn(III) is thought to serve as an electron sink, accepting an electron to generate a Mn(II)−oxalate radical intermediate poised for C−C bond cleavage and decarboxylation to yield a Mn(II)−formate radical anion; subsequent back electron transfer and protonation of the radical then produce formate. 53 In contrast, on the basis of the mechanistic results described here and elsewhere, 4 combined with crystallographic studies of OOR 17, 18 and with studies of related TPP-dependent OFOR systems, 54 it is nucleophilic attack by TPP to generate the DM−TPP intermediate that promotes C−C bond cleavage (decarboxylation) to generate a stabilized CO 2 anion. Low-potential Fe−S clusters then serve as the electron sink in OOR, ensuring that the free energy of decarboxylation is tightly coupled to redox chemistry. These important functional differences between oxalate decarboxylase and OOR promote oxalate detoxification in aerobic organisms and oxalate respiration in anaerobes like M. thermoacetica.
The mechanisms of OOR and PFOR (and other OFOR family members) diverge at step 4, the second electron transfer step. In PFOR, this electron transfer step is coupled to CoA binding, which promotes rapid decay of the HE−TPP radical. On the other hand, CoA has no effect on (and thus is not needed for) the reaction of OOR with oxalate. Decay of the radical also occurs in PFOR in the absence of CoA, but at a rate that is 10 5 -fold slower than when CoA is present. Thus, one can only observe this radical when PFOR is reacted with pyruvate alone; addition of CoA causes such a rapid depletion of the radical that it does not accumulate in sufficient quantities to be detected. Similarly, in OOR, no radical intermediate is observed upon reaction with oxalate, indicating that the relative rates of formation and decay of the DM−TPP radical (steps 3 and 4, respectively) are such that it does not accumulate.
Because the OOR reaction is CoA-independent, we have performed computations to compare the PFOR and OOR electron transfer steps and gain insight into (1) the mechanism by which CoA enhances the electron transfer step for all other members of the OFOR family of enzymes and (2) why OOR does not require CoA. One proposed mechanism for CoAdependent rate enhancement in PFOR (and OFORs other than OOR) is that the thiolate of CoA forms an adduct with the radical intermediate, generating a highly reducing radical anion that could transfer an electron to the [4Fe-4S] clusters, 37 and the same role has been proposed for phosphate in LpPOX. 38 Our calculations show that the adduct of the HE−TPP radical with methanethiol is indeed highly reducing (and thus also a high-energy intermediate), with a redox potential of −1.1 V (Figure 7 ). Although this would provide a 0.6 V driving force for reduction of the clusters, given the values of the redox potential of the iron−sulfur clusters in PFOR, the oxidation of such an adduct radical might lie in the inverted Marcus region and occur slowly.
We suggest an alternative mechanism in which CoA reacts, not with the radical, but with the acetyl-TPP intermediate to form acetyl-CoA. Thus, this represents an EC-type mechanism in which oxidation of the HE−TPP radical is coupled to the nucleophilic attack of CoA on the acetyl group of acetyl-TPP. Our calculations show that this scenario is thermodynamically more feasible than reaction with the radical, as nucleophilic attack of methanethiol on acetyl-TPP is 20 kcal/mol more favorable than on the HE−TPP radical. Moreover, the observed chemical gating of the second electron transfer may be due to the disruption of the H-bonding interactions to the HE−TPP radical upon CoA binding and/or the positioning of the CoA thiolate near the radical center, each of which would decrease its reduction potential and facilitate its oxidation to acetyl-TPP. 20, 22 Alternatively, the gating mechanism may be due to the reaction of CoA with a small equilibrium amount of acetyl-TPP that is present. Thus, efficient removal of acetyl-TPP by CoA pulls the net reaction forward.
Calculations of the redox potentials of proposed intermediates in the OOR reaction support the hypothesis that the redox couple of the protonated DM−TPP intermediate and the corresponding DM−TPP radical has a potential that is low enough to drive reduction of the first iron−sulfur cluster. The resulting DM−TPP radical cation, like the protonated HE− TPP radical, would be unable to reduce the chain of iron− sulfur clusters in these proteins. However, unlike the pK a of the HE−TPP radical, which is in the neutral range, the pK a of the protonated DM−TPP radical is −1.2. Thus, proton transfer is likely coupled to the first electron transfer, which would generate the neutral DM−TPP radical directly. This neutral radical now has the appropriate reducing power to transfer an additional electron into the chain of iron−sulfur clusters, forming a carboxyl-TPP intermediate in the active site. Therefore, in OOR, the two electron transfer reactions are likely to occur in rapid succession. As a result, the DM−TPP radical is not expected to accumulate to an extent that would allow it to be detected by EPR. Thus, it appears that PFOR and OOR have adopted different strategies for accomplishing the reaction with pyruvate versus oxalate, and this relates to the difference in the pK a values of the HE−TPP versus the DM− TPP radical, which is due to the effect of replacing the electrondonating methyl substituent with the electron-withdrawing hydroxyl group. This effect is particularly dramatic because the substrate-derived radicals are (at least partially) positively charged and the substituents are bonded directly to an atom that is part of the conjugated π system of the radical.
The C2 group of TPP undergoes deprotonation to form the active ylide that reacts with substrate in step 1 of all TPPdependent enzymes. 55 These enzymes are known to accelerate C2 deprotonation by a mechanism that involves interaction of a glutamate with N1′ in the pyrimidine ring, which increases the basicity of the 4′-amino group allowing it to act as an efficient acceptor for the C2 proton. 56 Apparently, it is the 1′,4′-iminopyrimidine tautomer of TPP that is poised to generate the reactive ylide/carbene at the thiazolium C2 position. 57 We propose that this same proton transfer network plays a critical role during OFOR catalysis by modulating the stability of the radical intermediates and influencing the rate of the electron transfer steps. In particular, the 4′-amino group and an active site arginine residue (Arg114 in PFOR and Arg109α in OOR) form hydrogen bonding interactions that stabilize the neutral forms of the HE−TPP and DM−TPP radicals, respectively. In PFOR, CoA binding may alter these H-bonding interactions, thereby tuning the reduction potential of the radical (and possibly also the cluster) to facilitate the second electron transfer. However, a different, CoA-independent strategy must be utilized by OOR.
Crystallographic studies of OOR have uncovered important conformational changes in which movement of a switch loop is associated with substrate binding and formation of various intermediates. 18 In the OOR structure with carboxyl-TPP bound (PDB entry 5EXE), ∼50% of the switch loop is in the Asp-in conformation. In forming this Asp-in conformation, Arg109α swings away from its ionic interactions with carboxyl-TPP, observed in the Asp-out state, and Asp112α moves within H-bonding distance of the carboxyl group of carboxyl-TPP ( Figure 9 ). This charge reversal in the active site would be expected to decrease the reduction potential of the carboxyl-TPP/DM−TPP radical couple and facilitate the second electron transfer step. Moreover, this conformational change positions Asp112α such that it can accept a proton from carboxyl-TPP to promote CO 2 formation in step 5 of the OOR mechanism. Interestingly, a loop segment within the active site of Bacillus subtilis oxalate decarboxylase is involved in mediating a proton-coupled electron transfer step prior to the decarboxylation step in the mechanism. 58 The involvement of the switch loop in OOR catalysis also provides an explanation for why the HE−TPP radical formed by pyruvate with OOR does not decay as it does in PFOR. Such a decay would provide a "reactivation" pathway for the pyruvate-inhibited enzyme. Asp112α, which we propose facilitates the release of CO 2 from carboxyl-TPP by serving as a catalytic base, would be unable to accept a proton from acetyl-TPP and thus cannot promote release of the acetyl moiety and regeneration of the TPP ylide as is observed with binding of CoA to PFOR. Figure 9 . Switch loop in OOR in the (A) "Asp-out" and (B) "Asp-in" conformations. From PDB entry 5EXE. 18 The proximal cluster is shown as brown and yellow spheres, and the Mg 2+ ion that coordinates the pyrophosphate of TPP is shown as a green sphere.
